21 NOV 2006 METHOD OF FABRI CATI NG M CRO- M RROR SW TCHI NG DEVI CE
BACKGROUND OF THE | NVENTI ON (1) FIELD OF THE | NVENTI ON The present
invention relates generally to the design and nmethod of fabricating

m cr o- machi ned m cro-actuators and mcro-mrror sw tches; and nore
particularly to fabricate netallic mrrors on single crystal silicon
(SCS). (2) DESCRIPTION OF THE PRIOR ART After its first congeption in the
80's as a display device, MEMS (mcro el ectro- nechani cal sggﬂgH§2mm
mcro-mrrors have cone a long way in revolutionizing the data transport in
comuni cation networks. This area has been of particular interest for
peopl e involved in MEMS, in the past ten years. Mcro-mrror devices have
applications in display devices as a . pixel, scanner type of display
device. L ahhibPAOIPORHABRICRINCTFCRUMIBHOR sSWACANG IEOI¢ed 10
optical communication networks. . )ased optical. cross connect devices
are being used in long haul networks to select and switch the |light data
signals without converting themto electronic donai nA | arge nunber of
mcro-mrror designs and nmechani sns have been proposed. 21 NOV 2006
Surface mcro machining is the nost commonly used nethod for fabricating
mcro-mrror devices. Thin filnms such as poly-silicon, silicon dioxide,
silicon nitride, and nmetal filnms such as alum num gold, chromum and
titani um have been used t | G A0 {8 ices for wvarious
applications.. Some ot her ?%gggﬁgﬁgﬁgkﬁ;vgﬁhgggﬁgl i con-on-oxi de MOVS, deep
R E

(1) FIELD OF THE INVENTION

The present invention relates generally to the design and method of fabricating
micro-machined micro-actuators and micro-mirror swiiches; and more particularly to fabricate

metallic mirrors on single crystal silicon (SCS)

{2) QESCRIPTION OF THE PRIOR ART

After its first conception in the 80°s as a display device, MEMS (micro electro-
mechanical systerh) micro-mirrors have come a long way in revolutionizing the data transport in
commmunication ngtworks. This arca has been of particular interest for people involved in
MEMS, in.the past ten years. Micro-mirror devices have applications in display devices as a |
pixel, scanner type of display device. Light beam steering using micro-mirrors is being exploited
in optical communication networks. MEMS based optical cross connect devices are being used
in long hauyl net-:\vorks to select and switch the light data sipnals without cofntverting them to

electronic domam.A large number of micro-mirror designs and mechanisms have been proposed.




SCREAM process, and in sone cases backside aqueous potassi um hydroxi de
etching to fabricate mcro-mrror devices. In nost devices, torsion
springs or free hinges together with conb-drive or .gap closing

el ectrostatic actuators have been used. U. S Pat. No. 5,537,083 describes a
m cro mechanical filter having planar conponents and fabricated using
integrated circuit micro fabrication techniques. The nechaw%iﬂ coupling
bet ween i nput and out put transducers includes planar fixtur 0y, @Bé)acema'nt
of the electrodes producing bending of the elenents of the fixtures.
Processes include depositing electrical signal processing circuitry on a
substrate, depositing interface conponents between signal processing
circuitry and a nechanical filter in a first |ayer; depositing in a second

doscr i bomranRicky Hachi Eﬁgamﬁ%‘ﬁ%f‘namgo# Vo b ir isbingne migromirror
conbi na Wi nstoread and wite data onto a
st or agea%‘{%s%ﬁ 1jéhlﬂ]mﬂ]é:ﬁSos-g& as(,pr? e q' °°“r EH%% ?ﬁﬁ?ﬁ FHEPLYEIdS, ardmradl ddims sushraabl e

mcro rr he ro machined mrror alters a
beam o;@ Ig;amlsr{glfrplr?]g t Q{OPéuﬁgrﬁntd 5 ed" Ll“?g’ﬁi" ‘i :i“e“"lli‘s to dyglopanic-mieer sisvicesafor head
and- a r@z{rjogggs‘gcll eﬁgm Ilromth fra ge disk. 2 1 NOV 2006 U.S. Pat.
No. 6,210, 9 | at 28"t 8 i ET Y Cé“c NEEEh aRiceRPI-gyide dAEMSsiderp BilEi con
ger mani geg & rocess in s depositing a sacrificial |ayer of

si licon-ger rr}ﬁt/ﬁ,jsr 006@%?@’“@8 “68?1%388?%@‘33 E‘F}E?P%a‘ioéass'H‘é%@foﬁdﬁgtchmgw fabticatal

| ayer Onfmc%-%? rat t he sacrl fi.cial | ayer, where the germanium (Ge) content
of the sacri I Ci glwcF Ay Br9st dgfiesac BpiHRANEHY fms hinsas tagethof witheoisbdtiet ur al

or gap closing electrostatic actuators have been used.

U.S Pat. No. 5,537,083 describes a micro mechanical filter having p!anafcomponents
and fabricated using integrated circuit micro fabrication techniques. The mecha-nical coupling
between input and outﬁut transducers incluQes planar fixtures, displacement of the clectrodes
producing bending of the elements of the fixtures. Processes include depositing electrical si gnal
processing circuitry on a substrate, depositing interface components between signal processing

circuitry and a mechanical filter in a' first layer; depositing in a second layer components of the

mechanical filter.

U.S. Pat. No. 5,999,303 describes an optical head utilizing a micro machined element in
combination with a light source and a lens to read and write data onto a storage disk. A micro-
machined element may include a tethered steerable mcro-machined mirror. A movement of the

micro machined mirror alters a2 beam of laser 1 ghu fransmitted from the light source to the optical

head and a reflected light beam from the storage disk.




| ayer; and renoving at |east a portion of the sacrificial |ayer. SUMMARY OF
THE | NVENTI ON Accordingly, it is a primary object of the invention to
describe the design of single crystal silicon mcro-mrror swtching

devi ce. Another object of the invention is to describe the design of
mcro-mrror switching device elenents, mrror plate, secondary actuator,
and spring/ hinge mechanism A further object of the invention is to provide
a nethod for formng the MEMS micro- mirror swtching deviqﬁgﬁﬁv gagot her
object of the invention is to provide nethods for formng the el enents of
mcro mnor-switching device, mcro-mrror, actuator, and hinge/spring
mechani sm. Anot her object of the invention is a nethod for inplenenting
the angular anplification P 1 NOV 2006 design using silicon as both

structural a I accor ance t.h- t hese obj ecti ves,
desi gn and aﬂﬁ%?ﬁgdh §%§E¥??%fuﬁﬁﬁﬁﬁb“%%?8 “Rruperhanifyl syreraypephsdicare.

describ as three elenents; single cr taI silicon (SCS)
mrror g;?ra a-gm%s@é}%nda@l EIAAIE IBF]”d%§ PH?'H@%H%WW& ghahsprgsrinaniegr ate

the mrr secon actuators. The actuator noves the
m cr o- (§Ir of &%1?1835 Str‘suﬁrl MY AR Sg rﬁcé'era]ﬁ&“ﬁﬁhlgéﬁ? ontprie gt tidayer.nwherie s

i nventi ] el ecLra tatl e or of the thermal : p
juncti o(rgm:l If’sa§m | l}ntsl E@ ¥ 8 P?ﬁ%ﬁ 106 a?@- bjé‘%f PP IE 62159 g S %Or’?leﬂ%//ﬁéh%wlﬁcm on

p-type r re then. for o define the closed | oop
rectang\t{}%tzIe (%ﬁﬁlvm C?@?pﬁ?@P81ﬁ*F¥% mﬁfﬁfﬁ actuator el ectrodes, and
ot her conponents to be fabricated in SCS. After filling the trenches with

silicon

SUMMARY OF THE INVENTION

Accordingly, it is a primary object of the invention to describe the design of single crystal

- silicon micro-mirror switching device.

Another object of the invention is to describe the design of micro-mirror switching device

elements, mirror plate, sccondary actuator, and spring/hinge mechanism.

A further object of the invention is to provide a- method for forming the MEMS micro-

mirror switching device.

Yet another object of the invention is to provide methods for forming the clements of

micro mirror-switching device, micro-mirror, actuator, and hinge/spring mechanism. .

Another object of the invention is a method for implementing the angular amplification
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:di oxi de, the wafer surface is planarized using chem cal nechani cal
polishing or other etch-back processes. The planarized wafer is then used
to fabricate top actuator el ectrode, interconnects, netal pads etc. Next,
a sacrificial silicon dioxide |ayer-l is deposited and patterned.
Protective layers of silicon nitride and poly-silicon are then deposited
and patterned. Next, another sacrificial silicon dioxide |layer-2 is
deposited on which a layer of structural poly silicon |ayer21NGVs200®r ned
and patterned. This step is followed by. the deposition of another
sacrificial silicon dioxide |layer-3 that is patterned. Structural
poly-silicon-2 layer is then deposited and patterned. In the next step,

m nor nmetal is deposited and patterned to formmrror. Device formation is

conpl et elesigisisig; sii@n LEbRRSAICAI GRS SRR E@Argcti vely cut desired structures

in single .crystal silicon, while sacrificing remaining SCS bl ocks. 4 V-1
Nov 290P BRI EF DESCRI PTI ON OF THE DRAW NGS The objects, advantages, and
details of fabricating the SCS mcro mrror-switching device according the

desi gn conceptacOfraiiRi Svith WEOLE00; W ik ; re_clear) y understood fromthe
fol | owi ng detail ed descri ption tg\égérﬁik?lg[?%ﬁfldﬂ%lb? o%fl yﬁbf’ﬁmWﬁéhea‘i?@dﬁﬁ&hyi ng

dr awi Ngsnirrdri Guitchess HWRsrBEd t Ofpe W f the. switching device wth major
conmponent s i ndi cat ed b§/ ‘ arrové.g“lgtié%.%dﬁt[@h%ﬁ%ﬁc & tsg%q?/f"éf\?&abf'w?%@q#)nge

onl Y. desfigar 0d Logrigae IR R S0y, LIBLSTRNLT N angul ac anpli {1 gal’ on

i npl emﬁﬁcbﬁt&ry actuators. The actuator moves the micro-mirror through spring and hinge mechanism.
The actuator in this invention is of the cléctrostatic type or of the .thermaf type. A p-n junction is
first formed on p-type sificpn by growing n-type silicon on p-type wafers. Trenches are t.hen
formed to define the closed loop rectangular boundaries fo:r micro-mirror plate, actuator
electrodes, and other components to be fabricated in SCS. After fi !li’ng the trcnct;es with silicon
«ioxide, the wafer surface is plaﬁan’zad using chemical mechanical polishing or ofher etch-back
processes. The pianarizcd wafer is then used to fabricate tbp actuator electrode, interconnects,
metal pads etc. Next, a sacrificial silicon dioxide tayer-1 is deposited and patterned. Proteciive
layers of silicon nitride aqd poly-silicon are then deposited and patterned. Next, another
sacrificial silicon dioxide layer-2 is deposited on which a layer of structural poly silicon layer-1
15 formed and patterned. This step 13 followed by. the deposition of another sacrificial silicorn
dioxide layer-3 that is paﬁemed. Structural poly-silicon-2 layer is then deposited and patterned. |
In the next step, mirror metal is deposited and patterned to form mirror. Device formation is
completed using the releasc processes to sciedtivcly cut desired structures in single crystal

~ silicon, while sacrificing remaining SCS blocks.



angul ar amplification. Fig. 4 shows the top view of torsion spring and

fl exure spring design for inplenenting angular anplification. Due to the
asynmmetry of the device |layout, the process is described hereafter using
two sets of cross-sections (shown by arrows in Fig. 1), each cross-section
shown at various steps of the processing sequence. Each of the process

steps cannot be shown on both the cross-sectional 5 21 hKhéﬁgﬂﬁl %Eems,
“although the wafer sees all the process steps in entirety. i o 2008 o

t hrough 5h are cross-sectional views of the device along axis 5A shown in
Fig.1. Figures 6a through 6h are cross-sectional views of the device al ong
axis 6B shown in Fig. 1. Fig. Sa and 6a are cross-sectional views of the
device after deep trenches are etched, filled with silicon dioxide and

pl anari zed; sacrifici St L L.OX] | -1 (sac-}) deposition and
etching. Fig. 5bis a%%¥§§§?§§@#?ﬁﬁﬁ4SGﬂéﬁyﬁkAwﬂéméévice after nitride and
poly-silicon protection |ayers are deposited and etched; sac-2 and sac-3
oxi de deposition. Fig. 6b is a cross-sectional view of the device after
nitride and pplyssilicon ﬁrotec ion layers are deposited and etched; sac-2
and sac-3 oxi de “GE55s PEPBIREcss R Ceila of Jabyeasng ithoRChapisro ndeposiitdhory and

etching.,, . . .
9 device according the design concept of this invention will be more clearly understood from the

following detailed description taken in conjunction with the accompanying drawings.

Fig. 1 shows the top view of the switching device, with major componénts indic.ated by

arrows.

Fig. 2 shows the top view o_f free hinge only design of the hinge mechanism for

implementing angutar amplification.

Fig. 3 shows the top view of flexure spring and free hinge design for implementing

angular amplification.

Fig. 4 shows the top view of torsion spring and flexure spring design for implementing

angular amplification.

Due to the asymmetry of the device layout, the process is described hereafter using two
sets of cross-sections (shown by arrows in Fig. 1), each cross-section shown at various steps of

the processing sequence. Each of the process steps cannot be shown on both the cross-sectional




Fig. 5c and 6¢c are cross-sectional views of the device after pattern
etching of sac-2 and sac-3 oxides. 6 21INOV2006 Fig. 5d is a
cross-sectional view of the device after structural poly-silicon |ayer-2
deposition and pattern etching. Fig. 6d is a cross-sectional view of the
device after structural poly-silicon layer-2 deposition and pattern
etching, mrror netal deposition and etching. Figures 5e an@ 16R0% 2806
cross-sectional views of the device after KOH etching of backside silicon.
Fi gures 5f .and 6f are cross-sectional views of the device after reactive
ion etching of silicon to expose silicon dioxide-filled trenches fromthe
bottom Figures 5g and 6g are cross-sectional views of the device after
sacrificial etching-of silicon dioxide through the trenches and fromtop.
Fig. 5h is a cross-sectional view of the final structure after the oxide
and somdetr Hfuieh 29 Vel sor WRaprapess gepyineigierl |y renoved, showi ng | ower
fixed silicon electrode, landing pad and silicon hinge parts. Fig. 6h is a
cross-sectional view of the final structure after the oxide and sonme of the
silicon blocks are sacrificially renoved, show ng hinges, hinge bar, and
mrror. 7 --fHigures 3a through Sh_are cross-sectional views-of the device along axis 5A shown in

CFig 1.

Figures 6a through 6h are cross-sectional views of the device along axis 6B shown in

Fig 1.

Fig. Sa and 6a are cross-sectional views of the device after deep trenches are efched,
filled with silicon dioxide and planarized: sacrificial silicon dioxide layer-1 (sac-1) deposition

- and etching.

Fig. 5b is a cross-sectional view of the device after nitride and poly-silicon protection

layers are deposited and etched; sac-2 and sac-3 oxide deposition.

Fig. 6b is a cross-sectional view of the device after nitride and poly-silicon protection.
layers are deposited and etched; sac-2 and sac-3 oxide deposition; structural poly-silicon layer

deposition and etching.

Fig. 5¢ and 6¢ are cross-sectional views of the device after pattern etching of sac-2 and

sac-3 oxides.



?l Nov 2W DESCRI PTI ON OF THE PREFERRED EMBODI MENTS The top view of the
mcro-mrror swtching device with mcro-mrror region 10, secondary
actuator region 12, and hinge & spring region 14, is shown in Fig. 1. The
hi nge and spring elenent integrates the mcro-mrror and the actuator

el ements. Electrostatic actuator consisting of upper cantilever-type
‘moving poly-silicon electrode- and |ower stationary silicon e €R0VoHg noves
the mrror through hinge and spring mechanism Several conbinations or
hinge and spring elenents are used: free hinge and | ever arm (not shown);
free hinge only conmbination (Fig. 2); flexure spring (not shown;, flexure
spring and free hinge (Fig. 3); free hinge and flexure spring (not shown);
torsion spring and flexure spring (Fig, 4). Integration schenme according to
the present invention inplenments the angular anplification concept for

achi evi ng | dge>Griydl dpss-artopplarierent shef deview afita- stiuctuor spol-siicamalyke?
bendi ng of secondary cantil ever-type actuators. Figures 5a through 5h and
pia-thr@ﬁ@ﬁ“@hmﬂﬁgﬁWﬁﬁ@hmﬁe process steps for formng the mcro-mrror
switching device. Al the elenments of the device are fornmed sinultaneously
during the described process steps. Fig.5a and Fig.6a are cross-sectional
views of the device along axis 5A and axis 613 respectively (shown by
dashed | i ned'igAodnid a6Bodstredtiogal tipwabh dre dever dler pacwas Blyepkcas J@ser i bed
herein is conpleted. A p-n junction is first forned on p-type silicon 20.
n-type ippjidgran@paitgn elebing, hiomnediabidhesrtiobyndtidiingi on or al ternatively by
depositing epitaxial silicon film The depth of p-n 8 -------------

Figures Se and Ge are cross-sectional views of the device after KOH etching of backside

stlicon.

Figures 5T and 6f are cross-sectional views of the device after reactive ion eiching of

silicon to expose silicon dioxide-filled trenches from the bottom.

Figures 5g and 6g arc cross-sectional views of the device after sacrificial etching “of

silicon dioxide ‘through the trenches and from top.

Fig. 5h is a cross-sectional view of the final structure after the oxide and some of the

silicon blocks are sacrificially removed, showing lower fixed silicon electrode, fanding pad and

siticon hinge parts.

Fig. 6h is a cross-scctional view of the final structure after the oxide and some of the

silicon blocks are sacrificially removed, showing hinges, hinge bar, and mirror.



21 Nov 2006 junction is kept approximately at about 8 - 10 gm Trenches
24, approximately about 1 - 3 m w de and about 4 - 8 tun deep, are etched
insilicon wwth a deep reactive ion etching process, known in prior art
(US Patent it 5,501,893). The said trenches define the close-Ioop
rectangul ar boundaries of the various regions 10, 12, and 14 (shown in
cFilg. 1). Silicon dioxide 26 is then filled within the trenggf%nﬁggﬂ
waf er surface is planarized using plasma etch back or chem ni cal
pol i shing met hods, known in prior art. Silicon dioxide 28, |ater used as
sacrificial layer-1 (sac-1) is deposited on the said planar surfaces and
patterned. Resulting structures are shown in Figures 5a and 6a. Nitri.de 30
and poly-silicon 32 films, both used to protect field area oxide, are
deposited next an atterned. Sacrificial silicon di oxi de | ayer-2 (sac-2)
34 is then deposi (%H?T%BfOrﬂ%ﬁi%ﬁ@ﬁﬁRR@BL%ﬂ%ﬂh”ﬂﬁN?$gures 5b and 6b.
Structural poly-silicon layer-l1 (poly-1) 36 is then deposited and
patterned (shown only in Fig. fib) to partly define spring/hinge elenents.
Next, sacrificial silicon dioxide |layer-3 (sac-3) 38 is deposited and
patterned asT8hdthn Wigw ofi Garmesrospiremdsvetshingt davéteuwith parymsirdri ephnl ager -
(poly-2) 40 is. deposited next and patterned, as shown in Figures 5d and
6d. PoIymgmﬂmﬁéﬁﬂéetGaWOHZam@?mnﬂQESBpnymgomééhaHMBWImnﬁgfmle,MQkhnﬂd at
this process step. Mrror-netal is then deposited and the netal patterned
to for mspie pleoed- imegrates t4Q miers-nsiltomand theFaquat@del ¢ty ) .Eleeirosxtzlitlcswﬁe@& al
of the conponents are fabricated in single crystal 9 -----------

consisting of upper cantilever-type moving poly-silicon electrode and lower stationary silicon

electrode moves the mirror through hinge and spri né mechanism. Several combinations or hinge
and spring elements are used: free hinge and lever arm (not shown}; free hinge only combination
(Fig. 2); flexure spring (not shown}: flexure spring and free hinge (Fig. 3); free hinge and flexure
spring (not shown); tdrsion spring and flexure spl;ing (Fig. 4). Integration scherr#:: according ta
the present invention implements the angular amplification concept for achieving large angular

displacements for micro-mirrors with smaller bending of secondary cantilever-type actuators.

Figures Sa through 5h and 6a through 6h describe the process steps for forming the
micro-mirror switching device. All the elements of the device are formed simultaneously during

the described process steps.

Fig.5a and Fig.6a ate cross-scctional views of the device along axis 5A and axis 6B
respectively (shown by dashed lines 5A and 68 in Fig. 1) after several process steps as described
herein is completed. A p-n junction is first formed on p-type silicon 20. n-type silicon 22 is then

formed either by diffusion or alternatively by depositing epitaxial silicon film. The depth of p-n




2l NOV 2006 silicon, but not separated or released to form working device
el ements. The follow ng steps describe the rel ease process to cut the
device structures in single crystal silicon and formthe individual

el ements: i) Backside silicon 20 is etched electrochemcally preferably in
aqueous potassium hydroxide (KJ-1) solution to stop at the n-p junction
with diffused n-type silicon 22 exposed. O her etching nedi ¥ NE¥n2008
substituted for the preferred aqueous KOH solution. These alternate

chemi cal s i nclude aqueous sol ution of ethylene diam ne, pyrocatechol,

and/ or TMAH-i sopropenol. A silicon w ndow is opened fromthe backside of
the wafer in this step. The resulting structure is shown in Figures 5e and
6e. ii) Next, backside n-type silicon 22 is etched within said KOH et ched
silicon wi ndow, wusing reactive ion etching (RIE) process in SF6 pl asns,
known i HngkPBIS kepttapprxinmsiingt abburd el 6 O T retobb 2 apfrosiidatetyoibatt t b 3t jime
control, such that the silicon dioxide-filled trenches 26 are exposed at

t he bot tada asl sHoown -i 8y uli @es @se Sfhaand shicon withiz) deSh hxdnde§ d
trenches 26 are then S,;’;ICI‘i ?Ir?ci ally etched in HF esgglr%ateﬁ%ngg%ﬁhgg cr!ééneltsgati on
appr oxi wmdven b @or YeckibsiraweE 8550 AE9F) 0N LEIREIALUEEme R HALS, ! &8an »;St_t!i’lrl con
di oxide is renoved both fromtrenches and from under the m cro-nachi hed

St 1 uct ubGsndarids th@satdul RGicht MUCTULES 1A{Sos P J M FESULESi0RG 3R], fY. The

unsupported Si | | con 10 ------------ 21(NO\/ %3,8 ) ) l © %6%8 S ﬁgn
filled within the trenches and the wafer surface is planarized using plasma ctch back or chemical
mechanical polishing methods, known in prior art. Silicon dioxide 28, later used as sacrificial

layer-1 (sac-1) is deposited on the said planar surfaces and patterned. Resulting structureés are

shown in Figures 5a and 6a.

Nitride 30 and poly-silicon 32 films, both used to protect field aréa oxide, are deposited
next and patterned. Sacrificial silicon dioxide layer-2 (sac-2) 34 is then deposited but not
patterned, as shown in Fipures 5b and 6b. Structural poly-silicon layer-1 (poly-1) 36 is then
deposited and patterned (shown only in Fig. 6b) to partly define spring/hinge elements.

Next, sacrificial silicon dioxide layer-3 (sac-3) 38 is deposited and patterned as shown in

Figures 5¢ and 6¢.

Structural poly-silicon layer-2 (poly-2) 40 is deposited next and patterned, as shown in
Figures 5d and 6d. Poly silicon actuator and hinge/spring mechanism are fully defined at this
process step. Mirror-metal is then deposited and the metal pattefned to form the micro-mirror 42

“as shown in Fig. 6d (only). At thisstep, all of the components are fabricated in single crystal




bl ocks 44 get renoved during this sacrificial etching step, while the
silicon blocks 46 attached to structural poly-silicon |ayers remain in the
final device. The final device structures are showmn in Figures 5h and

6g/ 6h. In Figure 5h, lower fixed silicon electrode 48, |anding pad 50, _
spring part 52, and silicon/poly-silicon hinge 54 are shown. In Figure 6h,
mrror plate 56, free hinge 58, and silicon/poly-silicon hinge bar 60 are
shown. The actuator shown in Fig. 5h is of the el ectrostatic2idiiut tdgver
type with supporting bl ocks 48 and 50. When the actuator is of the therma
type, the cantilever would be forned of a bi-metal or generically of a '
hi - norph material; and the novenent of the actuator takes place due to

m smatch in the thermal coefficient of expansion of the two netals. The
bi-nnrphﬁﬁ%%t%%even IS chogen frommaterials conposed of silicon dioxide,
silicon Nitrt a8 OGEPSAE Py elsised fndrm mogengideyivg clanhvatsheat er material is
chosen fromalum num titaniumnitride, alum numtitaniumalloy, and/or
poly silicon. In terns of the process to incorporate the thermal actuator
in the said mcro-mrror device, the silicon blocks 48 and 50 are al so
sacrificed du CHB”%W@&PH@?d$ﬁéu?$ﬁﬁﬂﬁmﬂgrgm®c65@nt&iép&xaﬁ&mhﬂ@ﬂhhﬁqﬂeto

t hose used in jncorporating the electrostatic type of actuator. The

advant ad@&Yeilicppanyfege e individw tlomews: f ormi ng the MEMS i cro-mirror
switching device over the prior art are as follows: 1. Mcro-mrror
switches fabricated on single, crystal silicon using conventional

senm conduct or_device nethods are flatter and therefore able to steer the

| i ght beam [1) Backside_silicon- 20 is etched- elestrochemicalty preferably -in 'ﬂqared\@.vpo?ﬂgfﬁm ‘

hydroxide (KOH) sofution to stop at the n-p junction with diﬂ’us'ed n-type silicon 22
exposed. Other etclﬁng mediums can be substituted for the preferred aqueous KOH
solution.  These alternate chemicals include aqueous solution of cthylene diamine,
_ py_rocatechol, and/or TMAH-isopropenol. -A silicon window is opened ﬁ‘o.m the backside

of the wafoer in this step. The resulting structure is shown in Figures 5S¢ and e

if) Next, backside n-type silicon 22 is etched within said KOH-etched silicon window
- . . . .

using reactive ion etching (RIE) process in SF6 plasma, known in prior art, or using

furterh KOH etching of silicon with time control, such that the silicon dioxide-filled

. trenches 26 are exposed at the bottom as shown in Figures 5{ and 6f

iii) Silicon dioxide-filled trenches 26 are then sacrificially etched in HF solution of
concentration approximately 49 % HF in water at room temperature. In this step, silicon
dioxide is removed both from trenches and from under the micro-machined structures.

The- resulting structures arc shown in Figures 5g and 6g. The unsupported silicon

10




nore precisely. 2. The switching device is forned using both surface mcro
hachining and bul k m cro-machi ning methods, thereby retaining the

advant ages of both nmethods. 3. Electrostatic, cantilever design of _
poly-silicon actuator allows higher angular rotation of the mrror with
snmal | di splacenent of the actuator tip. 4. New angular anplification
concept allows the use of m ni.num space for Conning the actq? %ﬁvl éhe
device for large angul ar bending. 5. The invention nethod of Tabrication
uses a unique process of formng and using oxide-filled trenches (which
are later sacrificially etched) that allows silicon to be used as both
sacrificial and structural layers. 6. A new release process is used where,
after el ectrochem cal etching of a window in backside silicon, reactive

[ [ [ sed tg expose Si ®R-filled trenches and sacr|f|C|ng t he
:)g |n dgt tC mj%gg Iﬁf %&éﬁ&%é daﬂ%b fissasiliséal esping viep. whitetke pli@hdiachs4€ nirotecent of

n described, it will be understood by those skilled
I the SRECIERBEO &1 ROLS) rouTTa Daithais Hrvideoriie dnd dokabietoyabaamn 12
---------------------- 21 NOV 2006 wi thout departing fromthe spirit
and scopesusts Pried 6aGEnin Bisurc Abclor frgidys;licon blectreteta8 dintiing gad S0 eoritstaien t he
scope of the follow ng clains: 13
52, and silicon/poly-silicon hinge 54 are shown, ln Figure 6h, mirtor plate 56, free hinge 58, and
~ silicon/poly-silicon hinge bar 60 are shown. The actuator shown in Fig. 5h is of the electrostatic

cantilever type With supporlmg blocks 48 and 50.

When the actuator is of the thermal type, the caﬁtilever would be formed of a bi-metal or
generically of a hi-morph material; and the movement of the actuator takes place due to
mismatch in the thermal coefficient of expansion -of the two metals. Thé bi-morph cantilever is
chosen from materials composed of silicon dioxide, siticon nitride, poly silicon, and/or gold and
the heater material is chosen from aluminum, titanium nitride, aluminum-titanium a loy, and/or
poly silicon. In terms of the process to incorporate the thermal actuator in the said micro-rirror
device, the silicon blocks 48 and 50 are also sacrificed during etching. The remaining process

steps are identical to those used in incorporating the electrostatic type of actuator.

- The advantages of the present invention of forming the MEMS micro-mirror switching

device over the prior art are as follows:

1. Micro-mirror switches fabricated on single crystal silicon using conventional

semiconductor device methods are flatter and therefore able to steer the light beam



----------------------------------- fit NOV 2006 CLAIMS 1. A nethod of
formng a single crystal mcro-mrror switching device conprising: formng
n-type silicon on p-type silicon substrate; formng a p-n junction; formng
deep trenches in n-type silicon; filling said trenches with sacrificial
silicon dioxide and planarizing said sacrificial silicon dioxide;
depositing sacrificial silicon dioxide |[ayer 1 on said planarized surface.
and patterning said sacrificial silicon dioxide |ayer-1; dgfgSltl?ﬁ
protective dielectric |ayers over said sacrificial silicon NO¥e? Byer- 1
and patterning said dielectric |layers; depositing sacrificial silicon

di oxi de | ayer-2 over said patterned dielectric |ayers; depositing
poly-silicon layer-1 over said sacrificial silicon dioxide |layer-2 and
patterning said poly- S|I|con | ayer-1; depositing sacrificial silicon

di oxi de | ayer - 3 BV&PTESHEEY pat t er ned pon silicon layer-1 and patterning
said sacrificial silicon dioxide |layers-2 and -3; depositing poly-silicon

| ayer-2 over said patterned silicon dioxide layers-2 and -3 and patterning
said poly-silicon layer-2; forming metal mirror by depositing netal on the
waf er and patt erfiiengyvitebingl device is formed using both surface micro machining and butk

micro-machining methods, thereby retaining the advantages of both methods.

3. Electrostatic, cantilever design of poly-silicon actuator allows higher angular

rotation of the mirror with smalil displacement of the actuator tip.

4. New angular amplification concept allows the use of minimum space for forming the

actuator in the devige for large angular bending.

5. The invention method of fabrication uses a unique process of forming and using
oxide-filled trenches (which are later sacrificially etched) that allows silicon to be

used as both sacrificial and structural layers.
6. A new release process is used where, after electrochemical etching of a window in
backside silicon, reactive ion etching is used to expose SiQ,-filled trenches and

sacrificing the oxide through trenches and from the top.

While the preferred embodiment of the invention has been described, it will be

understood by those skilled in the art that various modifications in form and details may be made
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form ng the device structures with a rel ease process conprising of nultiple
etching steps. 2. The nethod of formng a single crystal m cro-m nor

swi tching device according to claim1l1, wherein n-type silicon is forned by
process of diffusion. 14 --------ommmm i o oo

Nov 2006 3. The nethod of formng a single crystal nicro-ml'cy agn @hlng
devi ce according to claim1, wherein n-type silicon is forne@ 9 &@ axi al
deposition. 4. The nethod of form ng a single crystal mcro-mrror

swi tching device according to claim1, wherein p-njunction depth is
approxi mately about 8-10 m 5. The nmethod of formng a single crystal

m cro-m nor switching device according to claiml1, wherein said trenches
in n- type si|icon. are approximately about 1-3 pmw de and approxi mately
about 48Uy depprting b ro\”hgcrﬁﬁﬂﬁé@ﬂ &fop¢ of thicigyealisi. niytoerdingls tother Birbb@nithfs’ OF

swi tching device accordi to claim1, wherein said n-type silicon is both
a sacri@%%W%““ﬁﬁ@C@“§ﬁﬂ plevarztlaywr . 7. The nethod of forming a single
crystal mcro-mnor switching device according to claim1, wherein said
protective dielectric layers are selected fromthe group conprising

silicon dioxide, silicon nitride and/or poly silicon. 8 The nethod of
formng a single crystal mcro-mrror switching device according to claim
1, wherein said poly silicon-1 and poly silicon-2 are structural |ayers. 9.
The net hod of fornlng a S|ngle crystal mcro-mnor swtching device
accordi ng

13



to claim1, wherein said mrror nmetal is selected fromthe group conprising
alum num chromum titanium silver, platinum and/or gold. 15
------------- --- - --- 21 Nov 2006 10. The nethod of formng a single
crystal mcro-mrror switching device according to claiml, wherein said
rel ease process conprises: electrochem cal etching of back-side silicon in
a base solution; reactive ion etching silicon from backside, of said n-type
silicon; and etching said sacrificial silicon dioxide Iayer-a,’ﬁ¥y3m52,

| ayer-3, and in filled trenches in KldWPuoric acid solutions. 11. The
rel ease nethod according to claim 10, wherein said backside of silicon
wafer 1is etched selectively to stop on said n-type silicon. 12. The

rel ease method according to claim10, wherein said backside of silicon

waf er is etched edeartiodeifiestad 4 yinglartystahniidie-npihef svitathgatevtdicomptisingn

pot assi um hydr oxi de (KOH) of concentration, 35%KCOH in water at 75C 13.

The rel ease mghﬁ@gnagggﬁg&ﬁgnﬁpbgg§ﬂmbﬂgﬂmmm%rein n-type silicon is etched
from the backside with reactive ion etching process in SF6 plasma only as

much to exposg Axi.de, f junkfsh; trenches. 14. The rel ease nmethod according to
claim 10, wherein n-type silicon is etched, alternatively, in agqueous KOH

with tine Con%ﬁﬁﬁg%@&ynéﬁh&HﬁQ4&8sSﬁ&ﬂfe oxide filled trenches.

filling said trenches with sacrificial silicon dioxide and planarizing said sacrificial silicon
dioxide;

depositing sacrificial silicon dioxide layer-1 on said plaﬁarized surface and patterning
said sacrificial silicon dioxide layer-1;

depositing protective dielectric layers over said sacrificial silicon dioxide layer-1 and
patterning said dieleciric layers; |

depositing sacrificial silicon dioxide layer-2 over said patterned diclectric layers;

depositing poly-silicon layer-1 over said sacrificial silicon dioxide layer-2 and patterning
said poly-silicon layer-1;

depositing sacrificial silicon dioxide layer-3 over said patterned poly-silicon layer-1 and
patterning said sacrificial silicon dioxide layers-2 and -3;

depositing poly-silicon layer-2 over said patterned silicon dioxide layers-2 and -3 and. ,
patterming said poly-silicon layer-2;

forming metal mirror by depositing metal on the wafer and patterning metal;

forming the device structures with a release process comprising of multiple etching steps.

2. The method of forming a single crystal micro-mirror switching device according

to claim 1, wherein n-type silicon is formed by process of diffusion.

14




15. The rel ease nethod according to claim10, wherein etching of said
sacrificial silicon dioxide layer-1, layer-2, layer-3, and in filled
trenches is done in 49% aqueous hydrofluoric acid solution at room
tenperature. 16 21 NOV 2006 16. A release nethod to form structural
conponents in single crystal silicon switching device; the t

conprising: formng a silicon structure with the steps conpri ﬂnﬁﬂ’ﬁgﬁning
n-type silicon on a p-type silicon substrate to forma p-n junction;
form ng deep %r encﬁl@smfﬁi‘/lo%af Epraing hEngle | crsth migor ey searking deyce aceardiegs
with sacrificial silicon dioxide; planarizing said deep trenches to forma
pl anar i ztectlaor ¥, adercinetypsistlicny isshotnpblnt emiakinbdepasitipd.i ci al silicon di oxi de
| ayer-1, layer-2, and |layer-3 on said planarized surface; etching of
backsi de of silicon wafer in a selective manner; etching of n-silicon in
aqueous KOH from backsi de; reactive ion etching silicon from backsi de of

said n-type sl i coTheonbiiod@sf Pilhg DsiBXp@ERtal Hifltrd-Mtiod ewitthihgdetitenebring and
etching of said sacrificial silicon dioxide |layer-1, layer-2, layer-3, and

in filleg 448NCRESrein 14 jufiBRH 130%81(‘(:9{5&'{91% BotEMR) fgvice with silicon as
structural and sacrificial Iayers npri si ng:
5. The method of forming a single crystal micro-mirror switching device according
to claim 1, wherein said trenches in n-type silicon are approximately about 1-3 um wide and

approximately about 4-8 pm deep.

6. The method of forming a single crystal micro-mirror switching device according

to claim 1, wherein said n-type silicon is both a sacrificial and a structural layer.

7. The method of forming a single crystal micro-mirror switching device according
to claim 1, wherein said protective dielectric layers are selected from the group comprising

silicon dioxide, silicon nitride and/or poly silicon.

8. The method of forming a stngle crystal micro-mirror switching device according

to claim 1, wherein said poly silicon-1 and poly silicon-2 are structural layers.
9. The method of forming a single crystal micro-mirror switching device according

to claim 1, wherein said mirror metal is selected from the group comprising aluminum,

chromium, titanium, silver, platinum, and/or gold.
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formng n-type silicon on p-type silicon substrate; formng a p-n junction
over a silicon substrate; formng deep trenches in n-type silicon; filling
said trenches with sacrificial silicon dioxide and planarizing said
sacrificial silicon dioxide; depositing sacrificial silicon dioxide
layer-1 on said planarized surface and patterning said sacrifgehgy #igicon
di oxide layer-1; 17 ------------- 21 NOV 2006 depositing protective
nitride and poly-silicon filnms over silicon dioxide |layer-1 and patterning
said nitride l&d pdicynehed efolerhinigressingle posial mgrogaipnor fwitthang dévidecasomdingxi de
| ayer-2 over said patterned nitride and poly-silicon; depositing

pol y- si |tbectmllayberelh saudaeleggiplosaceanfproeal sili con di oxi de | ayer-2 and
patterning poly-silicon |layer-1; depositing sacrificial silicon dioxide

| ayer-3 over déatdchpaiitseraihgpdbycksdidld Shdonl iay®aselsoanidn; patterni ng said
sacrificial silicon dioxide |ayers-2 and -3; depositing poly-silicon

| ayer-2 over rg@kide Rﬁate&&ﬁxggeﬂlicﬁin!ﬂcﬁﬂﬂadiisi@ébﬂﬁid AYcSildopMhd- 3 and  patterning
poly-silicon layer-2; and form ng the MEMS device with a rel ease process

conpri sing Ofetd'ﬁ‘iﬂgi égmcsﬁcﬁﬁﬁgli sﬂﬂ:\(xﬁ' Wfsde la)lc,_@-a , L& smaihed Afd ih itk BendMVE

devi ce accordi ng aim 17, ereln sal

hydrofluoric acid solutions.

11.  The release method according to claim 10, wherein said backside of silicon wafer

18 etched selectively to stop on said n-type silicon.

[2.  The release method according to claim 10, wherein said backside of silicon wafer
18 etched electrochemically, and in the preferred embodiment, in potassium hydroxide (KOH) of

concentration, 35% KOH in water at 75°C,

13. The release method according to claim 10, wherein n-type silicon is etched from
the backside with reactive ion etching process in SFg plasma only as much to expose oxide filled

trenches.

14.  The release method according to claim 10, wherein n-type silicon is etched,

alternatively, in aqueous KOH with time contro! only as much to expose oxide filled trenches.

15, The release method according to claim 10, wherein etching of said sacrificial
silicon dioxide layer-1, layer-2, layer-3, and in filled trenches is done in 49% aqueous

hydrofluoric acid solution at room temperature.
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rel ease process conprises: electrochem cal etching of back-side silicon
preferably in KOH of concentration 35% KOH in water at 75C, reactive ion
etching silicon from backside of said n-type silicon only as nmuch to expose
said oxide filled trenches; and etching said sacrificial silicon dioxide
| ayer-1, layer-2, layer-3, and in filled trenches in hydrofl ypfi hd
solutions. 19. A nethod of forming a single crystal rricro-rrirﬁﬁlﬁlﬁ\’aﬁﬂ%d
conprising: formng n-type silicon on p-type silicon substrate; formng a
p-n junction Wver Aurel¢ase owhiod b rmatracturdl opmpongnigee pingheeniskd silicon switohieg
silicon; 18 21 Nov 2006 filling said trenches wth sacrificial silicon
di oxi de duavitepihamathalicogpsiaing: sacrificial silicon dioxide; depositing
sacrificial silicon dioxide |layer-1 on said planarized surface and
patterning sfeiingacilichh 6irgdturs iwithabstepswonfpeisingyer - 1, depositing protective
nitride and poly-silicon filnms over silicon dioxide |layer-1 and patterning
said nitride i%ﬁﬂingfﬁh[y/?e%iiiédh% d 15-&3?@ silER 9strhtB % fR&MH J-h fimdtiopi | 1 con di oxi de
e

| ayer-2 over said patterned nitri and poly-silicon; depositing

PO'Y'Si!icon;%ﬁ%ﬁgaéqﬂﬁﬁ&héﬁhgmﬁ%ﬁ&ﬁé&ﬁ&ﬁi silicon dioxide |ayer-2 and
patterning

filling said deep trenches with sacrificial silicon dioxide;

planarizing said deep trenches to form a planarized surface;

depositing and patterning sacrificial silicon dioxide layer-1, layer-2, and layer-3 on said -

planarized surface; |

etching of backside of silicon wafer in a selective manner;

etching of n-silicon in aqueous KOH from backside;

reactive ion etching silicon from backside of said n-type silicon only as much to expose

said oxide filled trenches; and

etching of said sacrificial silicon dioxide layer-1, layer-2, layer-3, and in filled trenches.

17. A method of forming a MEMS device with silicon as structural and sacrificial
layers comprising:

forming n-type silicon on p-type silicon substrate;

forming a p-n junction over a silicon substrate;

forming deep trenches in n-type silicon;

filling satd trenches with sacrificial silicon dioxide and planarizing said sacrificial silicon

dioxide;
depositing sacrificial silicon dioxide layer-1 on said planarized surface and patterning

said sacrificial silicon dioxide layer-1;
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said poly-silicon layer-1; depositing sacrificial silicon dioxide |ayer-3
over said patterned poly-silicon layer-1 and patterning said sacrificial
silicon dioxide |ayers-2 and -3; depositing poly-silicon |ayer-2 over said
patterned silicon dioxide |ayers-2 and -3 and patterning said poly-silicon
| ayer-2; formng nmetal mrror by depositing netal on the mafeg,qﬂﬁ,
patterning netal; and formng the mcro-mrror elenment with are egyg
process conprising of nultiple etching steps. 20. The nethod of formng a
. singl e cryst afcpasianppiofasbye rbwdsraai rglyrsalicondils pger siligan diixidedayat-Iripdr or
metal is selected fromthe group conprising alum num chromum titanium
silver, plati nupptteamdg ogid gotide a@ipol yrhbcorefiled of forming a single crysta
mcro-mrror according to claim19, wherein said rel ease process

conpri ses: el &pbsitahentiifiehl slichidiekidf lapacke gt sed phttdro@mipide ad pillsiliconKOH
of concentration 35% 19 -------------- T 21 NOV 2006 KOH
in water at T7&posifig@pdli¢Ricb® Myt € Bl GaidishérdRiml kiR BRckeilfder-0fans pittbriing Y Pe

silicon only as nmuch to expose said oxide filled trenches; and etching
sai d sacrificiahoglidiliceAMaydt-oxi de layer-1, layer-2, layer-3, and in filled
trenches in
depositing sacrificial silicon dioxide layer-3 over said patterned poly-silicon layer-1 and
patterning said sacrificial silicon dioxide layers-2 and -3;
depositing poly-silicon layer-2 over said patterned silicon dioxide layers-2 and -3 and

patterning poly-silicon layer-2; and

forming the MEMS device with a release process comprising of multiple etching steps.

18.  The method of forming a MEMS device according to claim 17, wherein said
release process comprises:
electrochemical etching of back-side silicon preferably in KOH of concentration 35%
KOH in water at 75°C;
reactive ion etching silicon from backside of said n-type silicon only as much to expose
said oxide filled trenches; and
etching said sacrificial silicon dioxide layer-1, layer-2, layer-3, and in filled trenches 1n

hydrofluoric acid solutions.

19. A method of forming a single crystal micro-mirror comprising:
forming n-type silicon on p-type silicon substrate;
forming a p-n junction over a silicon substrate;

forming deep trenches in n-type silicon;
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hydrofluoric acid solutions. 22. A nethod of formng an electrostatic
actuator conprising: formng n-type silicon on p-type silicon substrate;
forming a p-n junction over a silicon substrate; formng deep trenches in
n-type silicon; filling said trenches with sacrificial silicon dioxide and
pl anarizing said sacrificial silicon dioxide; depositing sacr&?iMVap00s
silicon dioxide layer-1 on planarized surface and patterning said
sacrificial silicon_dioxide |ayer-1l; depositing protective nitride and

pol y- si | i con Hlipgaid{rerchesyith sirificial sifigen dipxide s plpratizing saidspenifiial gtpon
patterning said nitride and poly-silicon filns; depositing sacrificial
silicon di oxi dediv&idér -2 over said patterned nitride and poly-silicon;
depositing poly-silicon layer-I over said sacrificial silicon dioxide

| ayer -2 and plposting sagrifigali iliqooldyexsdd layan despet planaridepasiacé myl gatemiifig ci al
silicon dioxide |ayer-3 over said patterned poly-silicon layer-I and
patterning sai dsddeacrificial slicai dibxdnlageroki de | ayers-2 and -3; depositing
poly-silicon |ayer-2 over said patterned silicon dioxide |ayers-2 and -3
and patt er ni RgosiahdpBReiiveilrideand balyQilicdn fidid of@sNichs dloARlcagiHatagy el ement

with a rel ease process conprising of nultiple etching steps. = 20 21 NOV
2006 patterning said nitride and poly-silicon films;
depositing sacrificial silicon dioxide layer-2 over said patterned nitride and poly-silicon;
depositing poly-silicon layer-1 over said sacrificial silicon dioxide layer-2 and patterning -
said poly-silicon layer-1;
depositing sacrificial silicon dioxide layer-3 over said patterned poly-silicon layer-1 and
patterning said sacrificial silicon dioxide layers-2 and -3;
depositing poly-silicon layer-2 over said-patterned silicon dioxide layers-2 and -3 and
patterning said poly-silicon layer-2;
forming metal mirror by depositing metal on the wafer and patterning metal; and

forming the micro-mirror element with a release process comprising of multiple etching

steps.

20.  The method of forming a single crystal micro-mirror according to claim 19,
wherein said mirror metal is selected from the group comprising aluminum, chromium, titantam,

silver, platinum, and/or gold.

21, The method of forming a single crystal micro-mirror according to claim 19,
wherein said release process comprises:

electrochemical etching of back-side silicon preferably in KOH of concentration 35%
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23. The nethod of formng an electrostatic actuator according to claim 22
wherein said release process conprises: electrochem cal etching of
back-side silicon preferably in KOH of concentration 35% KOH in water at
75C, reactive ion etching silicon from backside of said n-type silicon only
as nmuch to expose said oxide filled trenches; and etching 52%ﬂ§®%pﬂhéicial
silicon dioxide layer-1, layer-2, layer-3, and in filled tre i
hydrof l uoric acid solutions. 24. A nethod of form ng hinge and spring

el ement conpri sK&Yl in wademdt7§°Gi- t ype silicon on p-type silicon substrate,
formng a p-n junction over a silicon substrate; formng deep trenches in
n-type sili conactive idn etchisgsiticdnrfeons hadkside ofi sSd ot silicah oaly dsaorchdo oxpate and
pl anari zing said sacrificial silicon dioxide; depositing sacrificial

si |l i con di oxi desdiayeie killedirsaihes; phéinari zed surface and patterning said
sacrificial silicon dioxide |ayer-1;, depositing protective nitride and

pol y-silicon didHinBsaRykrifdhkifdoni dGaiadiaper! 10 e:vkRY Qhyer-32R¢h in Al epiHRg isai d
nitride and poly-silicon films; depositing sacrificial silicon dioxide

| ayer-2 over Sahﬂh&ﬂ&ﬁﬁﬁﬁﬁﬂmﬂiﬁh&de and poly-silicon; depositing
poly-silicon |ayer-1 over salé sacrificial silicon dioxide |ayer-2 and

patterning said poly-silicon |ayer-1;

22. A method of forming an electrostatic actuator comprising;

forming n-type silicon on p-type silicon substrate;

forming a p-n junction over a silicon substrate;

forming deep trenches in n-type silicon;

filling said trenches with sacrificial silicon dioxide and planarizing said sacrificial silicon
dioxide; |

depositing sacrificial silicon dioxide layer-1 on planarized surface and patterning said
sacrificial silicon dioxide layer-1;

depositing protective nitride and poly-silicon films over said sacrificial silicon dioxide
layer-1 and patterning said nitride and poly-silicon films;

depositing sacrificial silicon dioxide layer-2 over said patterned nitride and poly-silicon;

depositing poly-silicon layer-1 over said sacrificial silicon dioxide layer-2 and pattemning
said poly-silicon layer-1;

depositing sacrificial silicon dioxide layer-3 over said patterned poly-silicon layer-1 and
patterning satd sacrificial silicon dioxide layers-2 and -3;

depositing poly-silicon layer-2 over said patterned silicon dioxide layers-2 and -3 and
patterning said poly-silicon layer-2; and

forming the actuator element with a release process comprising of multiple etching steps.
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depositing sacrificial silicon dioxide |ayer-3 over said patterned
poly-silicon layer-1 and patterning said sacrificial silicon dioxide

| ayers-2 and -3; 21 - - ---- --- ------- -- -- 21NOV2006 depositing
poly-silicon |layer-2 over said patterned silicon dioxide |layers-2 and -3
and patterning said poly-silicon |ayer-2; and form ng the hi gdeNavdsspri ng
element with a release process conprising of nmultiple etching steps. 25.
The nethod of_forming a hinge and sprjng mechani smaccording to claim 24,

wher ei n sai d Pel eddls PrtBeh ok IuBmRs p slclieyalic achRHE ACeUPINg e (Flay Ff wherein
back-side silicon preferably in KOH of concentration 35% KOH in water at
75C, reé@#ﬁ@&ﬂﬁﬁﬁo@ﬁ%ﬁ¥W@“§$licon from backsi de of said n-type silicon only
as nmuch to expose said oxide filled trenches; and etching said sacrificial
si licon di oxidestiodymncd etchmgenf back-side/slic®, prafiechbininf{ OHed concentcdios 3i5k6
hydrof luoric acid solutions. 26. A nethod of formng a thermal actuator
conprising: foKGHm® wattygp&5%i;l i con on p-type silicon substrate; formng a
p-n junction over a silicon substrate; formng deep trenches in n-type
silicon; reactive ion etching silicon from backside of said n-type silicon only as much to exposc
said oxide filled trenches; and
etching said sacrificial silicon dioxide layer-1, layer-2, layer-3, and in filled trenches in

hydrofluoric acid solutions.

24. A method of forming hinge and spring element comprising:

forming n-type silicon on p-type silicon substrate,

forming a p-n junction over a silicon subétrate;

forming deep trenches in n-type silicon;

filling said trenches with sacrificial silicon dioxide and planarizing said sacrificial silicon
dioxide;

depositing sacrificial silicon dioxide layer-1 on said planarized surface and patterning
said sacrificial silicon dioxide layer-1;

depositing protective nitride and poly-silicon films over said silicon dioxide layer-1 and
patterning said nitride and poly-silicon films;

depositing sacrificial silicon dioxide layer-2 over said patterned nitride and poly-silicon;

depositing poly-silicon layer-1 over said sacrificial silicon dioxide layer-2 and patterning
said poly-silicon layer-1;

depositing sacrificial silicon dioxide layer-3 over said patterned poly-silicon layer-1 and

patterning said sacrificial silicon dioxide layers-2 and -3;

21



filling said trenches with sacrificial silicon dioxide and planarizing said
sacrificial silicon dioxide; depositing sacrificial silicon dioxide

| ayer-1 on said planarized surface and patterning said sacrificial silicon
di oxi de | ayer-1; depositing protective nitride and poly-silicon filns over
said sacrificial silicon dioxide |ayer-1 and patterning sai ?Nbv and
poly-silicon filnms; 22 21 NOV 2006 depositing sacrificial siticon dioxide
| ayer-2 over said patterned nitride and poly-silicon; depositing

pol y- si | i con depgsétingipodyreilicernlagershevdr faid palterngd siloom dafixaskd ldperb-dyed -Darghd
patterning said poly-silicon layer- 1; depositing sacrificial silicon

di oxi de | ayer - 3paieennswmidip@atiieonégepdlapdsi | i con | ayer-1 and patterning
said sacrificial silicon dioxide |layers-2 and -3; depositing poly-silicon

| ayer-2 over femiflg frthisyenad spiidd danedivid Deldasymbses2 canghising @Mhltipiat t er ni ng
said poly-silicon layer-2; and formng the actuator elenent with a rel ease
process conpri sép@in@itepdd| tiple etching steps. 27. The method of formng a
thermal actuator according to claim 26, wherein said release process
conprises: electrochem cal etching of back-side silicon preferably in KOH
of concentration 35% KOH in water at 75C, reactive ion etching silicon

from backsi deys0f  $3i 4, DS BE rtidE Qi YocPSuiiy GRedhniS i PSS ding to claim 24,
wherein said release process comprises:
electrochemical etching of back-side silicon preferably in KOH of concentration 35%
KOH in water at 75°C;
reactive ion etching silicon from backside of said n-type silicon only as much to expose
said oxide filled trenches; and
etching said sacrificial silicon dioxide la}-rer-l, layer-2, layer-3, and in filled trenches in

hydrofluoric acid solutions.

26. A method of forming a thermal actuator comprising:

forming n-type silicon on p-type silicon substrate;

forming a p-n junction over a silicon substrate;

forming deep trenches in n-type silicon;

filling said trenches with sacrificial silicon dioxide and planarizing said sacrificial silicon
dioxide;

depositing sacrifictal silicon dioxide layer-1 on said planarized surface and patterning
said sacrificial silicon dioxide layer-1;

depositing protective nitride and poly-stlicon films over said sacrificial silicon dioxide

layer-1 and patterning said nitride and poly-silicon films;
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said oxide filled trenches; and etching said sacrificial silicon dioxide
| ayer-1, layer-2, layer-3, and in filled trenches in hydrofluoric acid
solutions. 23

21 WOV 2006

depositing sacrificial silicon dioxide layer-2 over said patterned nitride and poly-silicon;

depositing poly-silicon layer-1 over said sacrificial silicon dioxide layer-2 and patterning
said poly-silicon layer-1;

depositing sacrificial silicon dioxide layer-3 over said patterned poly-silicon layer-1 and
patterning said sacrificial silicon dioxide layers-2 and -3;

depositing poly-silicon layer-2 over said patterned silicon dioxide layers-2 and -3 and
patterning said poly-silicon layer-2; and

forming the actuator element with a release process comprising of multiple etching steps. -

27.  The method of forming a thermal actuator according to claim 26, wherein said
release process comprises:
electrochemical etching of back-side silfcon preferably in KOH of concentration 35%
KOH in water at 75°C; |
reactive lon etching silicon from backside of said n-type silicon only as much to expose
said oxide filled trenches; and
etching said sacrificial silicon dioxide layer-1, layer-2, layer-3, and in filled trenches in

hydrofluoric acid solutions.
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